It is mostly agreed that arterial adaptations occur, among others, in response to changes in mechanical stimuli. Models like bed rest, spinal cord injury, or limb suspension have been applied to study vascular adaptations to unloading in humans. However, these models cannot distinguish the role of muscle contractions and the role of gravitational accelerations for arterial adaptation. The HEPHAISTOS orthosis allows normal ambulation, while it significantly reduces force generation in the lower leg muscles. Eleven subjects wore HEPHAISTOS unilaterally for 56 days and were followed up for another 4 wk. Arterial diameters, intima media thickness (IMT), flow-mediated dilation (FMD), and resting blood flow (BF rest) were measured using high-frequency ultrasonography. Arterial adaptations were investigated in the superficial femoral artery (SFA), the brachial artery (BA), and the carotid artery (CA). Mean SFA resting diameter was decreased from 6.57 mm (SD ϭ 0.74 mm) at baseline to 5.77 mm (SD ϭ 0.87 mm) at the end of the intervention (P Ͻ 0.001), whereas SFA wall-to-lumen ratio, SFA BFrest, and SFA FMD remained unaffected throughout the study. The application of HEPHAISTOS had no effect on structure and function of the systemic control sites, the BA, and the CA. Our findings highlight the importance of muscular contractions for arterial diameter adaptations. Moreover, we propose that FMD and wall-to-lumen ratio are unaffected by ambulating with the HEPHAISTOS orthosis, which is suggestive of habitual acceleration profiles in the lower leg constituting an important stimulus for the maintenance of FMD and wall-to-lumen ratio. gravitational impacts; arterial structure; arterial function IT IS GENERALLY ACCEPTED that blood vessels, including larger arteries, adapt their structure as well as their functioning in response to alterations in their environment. In this context, it is mostly held, that arterial adaptations occur in response to mechanical stimuli such as shear rate, which is thought to be a primary load (10), acting on the endothelial layer (14, 29). Evidence suggests that endothelial cells (ECs) are able to sense shear rate as friction and dragging forces that are exerted on the cells of the vessel wall by blood motion (9). Alternative mechanical stimuli for arterial adaptation, which are being considered to be sensed by ECs and vascular smooth muscle cells (VSMC) are muscle shortening-related axial "stretch stresses," which are thought to stretch the adjacent tissues and blood vessels, and pressure-related circumferential wall stresses (10, 19) .
IT IS GENERALLY ACCEPTED that blood vessels, including larger arteries, adapt their structure as well as their functioning in response to alterations in their environment. In this context, it is mostly held, that arterial adaptations occur in response to mechanical stimuli such as shear rate, which is thought to be a primary load (10) , acting on the endothelial layer (14, 29) . Evidence suggests that endothelial cells (ECs) are able to sense shear rate as friction and dragging forces that are exerted on the cells of the vessel wall by blood motion (9) . Alternative mechanical stimuli for arterial adaptation, which are being considered to be sensed by ECs and vascular smooth muscle cells (VSMC) are muscle shortening-related axial "stretch stresses," which are thought to stretch the adjacent tissues and blood vessels, and pressure-related circumferential wall stresses (10, 19) .
Given the habitual activities in our gravitational environment, there must be four potential sources for mechanical stress acting on the arterial wall: 1) muscle contractions provoking mechanical stretch and compression to the vasculature; 2) phasic, blood flow-related pulsatile shear; 3) blood pressure as the sum of hydrostatic and hydrodynamic pressure; 4) gravitational accelerations induced by ground reaction force impacts.
To date, the specific role of gravitational accelerations on arterial adaptation has not been evaluated independently from mechanical stimuli induced by muscle work. Of note, walking and running are associated with vertical accelerations of up to 10 g (12) , meaning that habitual everyday activities are likely to provide acceleration-related stresses on the arterial wall that are not directly depending on muscle contractions.
Chronic disuse such as bed rest, spinal cord injuries, spaceflight, and limb immobilization (ULLS) are associated with substantial adaptations of arterial structure and function (2, 3, 5, 26) . These disuse models reveal that the general reduction of blood flow, as a consequence of muscular unloading, trigger the extensive arterial adaptations observed in immobilized subjects. However, none of these models is valid to independently investigate the effects of gravitational loading for arterial adaptation, since all established disuse models are characterized by both the extensive reduction of muscle work-related stresses and the absence of gravitational acceleration-related stresses. These studies also suggest that constant blood pressure changes cannot explain the longterm adjustment of arterial diameter and arterial function (2, 3) .
Given the considerable number of diseased people who are temporarily or permanently immobilized, the study of the effect of such genuine gravitational forces on arterial structure and function could be very relevant for clinical applications in rehabilitation and prevention. Our current interest in this problem had been stirred by a new orthotic device that greatly reduces calf muscle activity and plantar flexion torque (Ducos M., Weber T., Albracht K., Messkemper J., Brüggemann GP, Rittweger J, unpublished observations) but maintains gravitational loading of the lower leg. Hence, we ventured to explore possible vascular adaptations that would emerge when wearing this new "HEPHAISTOS" orthosis for 8 wk. Using ultrasonography, we measured arterial diameters and intima media thickness (IMT) as structural parameters as well as resting blood flow (BF rest ) and flow-mediated dilation (FMD) as functional parameters. We hypothesized that, compared with the other well established disuse models, retention of habitual gravitational impacts in our new model would attenuate arterial diameter decrease, arterial wall thickening, and disuse-specific increase of FMD.
METHODS

Study Design, Intervention, and Subjects
The unloading orthosis. A novel unloading orthosis ( Fig. 1 ; HEP HAISTOS, patent application no. 102011082700.5) has been devel-oped in the German Aerospace Center (DLR) in Cologne, Germany (see Fig. 1 ). The HEPHAISTOS significantly reduces the activation and force production of the major calf muscles during locomotion activities while it completely retains body mass impacts during the stance phase of the gait. It is applied with an elevated plateau shoe (Fig. 1B) on the contralateral leg, without the support of crutches, and allows normal ambulation. Its biomechanical function and its unloading effects can be briefly explained by the fact that it reduces the plantar lever arm of the foot by ϳ35%. Consequently, it substantially reduces plantar flexor torque and muscle activation. Also, it allows normal ambulation by compensating achilles-tendon function by incorporating an elastic foot, which stores and releases kinetic energy during the stance phase of the gait. The biomechanical characteristics of the HEPHAISTOS orthosis have been comprehensively assessed by measuring muscle activation using EMG, by measuring reaction force impacts in and outside the orthosis using force plates and pressure insoles, by measuring plantarflexor torque using pressure insoles, and by investigating gait characteristics using the a motioncapture system. The following link leads to the webpage of the DLR showing a video with a subject walking with the HEPHAISTOS (http://www.dlr.de/me/en/desktopdefault.aspx/tabid-7389/).
The HEPHAISTOS study. The HEPHAISTOS study has been registered at clinicaltrials.gov (identifier: NCT01576081). It was designed as an integrative, one-group ambulatory interventional study where diverse physiological parameters were assessed. The intervention time was scheduled to 8 wk to enable a valid comparison with previous measurements (3). Eleven male subjects were recruited to wear the HEPHAISTOS unloading orthosis unilaterally. All subjects had been examined by a medical doctor before study inclusion. They also had to pass a psychological assessment including a standardized personality test [Freiburger personality inventory (FPI)] and a 45-min interview with two psychologists specialized in selecting flight personnel and study subjects. Exclusion criteria were any known disease or abnormality; any bone, tendon, or muscle injury during the last 12 mo; smoking; regular strength training; any regular medication. A written, informed consent was obtained from all subjects before commencement of the study. The HEPHAISTOS study was approved by the Ethics Committee of the Northern Rhine medical association (Ä rztekammer Nordrhein, applilcation no. 2010169) in Duesseldorf.
A 1-€ coin (Bundesbank, Cologne, Germany) was tossed for each subject to determine which leg should be unloaded. The 11 subjects were familiarized with their individually adjusted orthosis 1 wk before the intervention started. The familiarization took ϳ1 h and was completed as soon as the subjects learned to walk naturally with the orthosis. For the 8 intervention weeks, subjects followed their normal everyday activities while wearing the device in all activities that required loading of the leg. Subjects had to visit the laboratory on a weekly basis for measurements and reports. After consulting the subjects, we estimated a "net wearing time" of 12-16 h/day, depending on their habitual activities. The anthropometric data of the subjects at baseline are presented in Table 1 .
Procedures
Measurement protocol. Arterial diameter of BA and SFA, resting blood flow of BA and SFA, intima media thickness (IMT) of carotid artery (CA) and SFA, and flow-mediated dilation (FMD) of BA and SFA were examined by ultrasonography at baseline and at days 5, 28 , and 56 of the intervention, as well as after 5, 14, and 28 days of recovery (respectively, BDC, HEP5, HEP28, HEP56, R5, R14, and R28).
Measurements. Blood cell velocity and diameter measurements of the BA were performed using the Duplex mode of an echo Doppler device (Mylab25, esaote, Firenze, Italy), with a 12-to 18-MHz broadband linear transducer (LA 523). Blood cell velocity and diameter measurements of the SFA were performed in the Duplex mode using a 7.5-to 12-MHz broadband linear transducer (LA 435). For resting diameter measurements, videos with duration of Ն1 min were recorded for offline analysis. For FMD assessment of SFA and BA, a cuff was placed distal to the probe that was inflated to 300 mmHg for 5 min. Ten seconds before cuff deflation, video recording was started, and the FMD response was recorded for 5 min after cuff deflation. The IMT was determined by the IMT software tool (esaote, QIMT, for MyLab25). The IMT analysis tool processes the radio frequency (RF) signal from the ultrasound device in real time. IMT videos were recorded for Ն5 heart cycles using a 7.5-to 12-MHz broadband transducer placed parallel to the assessed artery. The region of interest (ROI) for IMT measurements was placed at the region of the artery with the highest image quality. Resting heart rate and blood pressure were measured before cuff inflation using an electronic sphygmomanometer (medicus pc, boso, Jungingen, Germany).
Subjects rested in a darkened room for at least 20 min in supine posture, fasted before the measurements for Ն8 h, and also refrained from caffeine, alcohol, and exercise for Ն8 h before the measurement. All measurements were performed by the same examiner. To avoid circadian variation, all measurements were performed at the same time of the day.
The angle of inclination for all Doppler velocity measurements was consistently adjusted to 60°, whereas the vessel area was set parallel to the transducer. The same placement of the probe for all conditions was assured by marking the skin above the artery of interest using anatomical landmarks, such as the upper patella edge for SFA and the radius epiphysis for the BA. All duplex videos were recorded on an external computer using the analog output of the device with a video grabbing system (GrabsterAV 450MX, Terratec, Nettetal, Germany) and analogto-digital transformation software (MAGIX, Terratec, Nettetal, Germany).
Data Processing
Diameters and FMD. All videos were analyzed offline. Duplex video analysis was performed using custom-built edge-detection and wall-tracking software (Vasculometer 1.2; Ref. 4) . The signal from the wall-tracking software was processed with MATLAB (Math- works, Natick, MA), using a moving average filter with a span of 500 video frames. The median of all processed values before cuff deflation was taken as resting diameter. The highest value of the filtered signal was identified and used as peak diameter after cuff release. The FMD response was then expressed as the relative increase from resting diameter before cuff inflation to peak diameter after cuff deflation.
IMT. IMT video analysis was performed using a video sequence of Ն5 heart cycles. The IMT videos were analyzed offline, and the IMT value with the lowest standard deviation (Յ20 m), which was calculated by the QIMT software tool from esaote, was taken as IMT.
Blood flow. All blood flow measurements are based on the analysis of Duplex video sequences using the peak envelope of the Doppler waveform and the arterial diameters. The peak of the envelope of the Doppler waveform and the arterial diameters were automatically detected using the custom-built tracking software (4) 
Statistical Analysis
Statistical analyses were performed using STATISTICA 8.0 for Windows (Statsoft, Tulsa, OK, 1984 OK, -2008 . A repeated-measures ANOVA was performed with time (seven levels) as main factor for all FMD, IMT, IMT/lumen, resting diameter, heart rate, and blood pressure measurements. Tukey's test was used for post hoc testing. The results of the blood flow measurements were tested performing paired t-tests. Values are given as means Ϯ SD. The significance level was set at P Յ 0.05.
RESULTS
Due to medical reasons, which were not related to the present intervention, one subject could not complete the study. The data of this subject are discarded from the analyses.
Diameter
SFA diameter decreased significantly (P Ͻ 0.001) from BDC to HEP56 by 12.7% (SD ϭ 6.6%). Twenty-eight days after the intervention, SFA diameter reached baseline level again ( Fig. 2A ; P ϭ 0.92 for BDC vs. R ϩ 28). The intervention did not have an effect on resting diameter of the BA ( Fig.  2B ; P ϭ 0.92).
IMT and Wall-to-Lumen Ratio
The thickness of intima and media of the SFA changed significantly over time during the HEPHAISTOS study ( Fig.  2C ; P ϭ 0.03). However, post hoc testing did not reveal any significant difference between any particular time points. The ratio between SFA IMT and arterial lumen remained constant throughout the study (see Fig. 4 ; P ϭ 0.19). The IMT of the CA was not affected by the intervention ( Fig. 2D ; P ϭ 0.8).
FMD
No effect of time was observed for the FMD response of the SFA ( Fig. 2E ; P ϭ 0.32) or for the FMD response of the BA ( Fig. 2F ; P ϭ 0.56).
SFA Resting Blood Flow
Resting blood flow volume in the SFA remained unaffected after the HEPHAISTOS intervention ( Fig. 3C; P ϭ 0.9) . The mean resting flow velocity in the SFA was significantly increased by 17% (SD ϭ 21.5%) after the study ( Fig. 3B ; P ϭ 0.035), whereas SFA diameter decreased significantly.
Resting Heart Rate and Blood Pressure
Resting heart rate (P ϭ 0.06) as well as systolic (P ϭ 0.27) and diastolic blood pressures (P ϭ 0.2) remained unaffected during the intervention (Fig. 4) .
DISCUSSION
The main aim of this study was to investigate the independent effects of accelerations during habitual physical activity on arterial structure and function. For this purpose, we developed a novel unloading orthosis that greatly reduces plantarflexor activation without reducing ground reaction forces during ambulation and tested it in a 56-day interventional study. The results of the HEPHAISTOS study suggest that gravitational accelerations alone are insufficient to maintain arterial structure. We observed a steady decrease of SFA resting diameter during the unloading phase, which is in line with the literature addressing the effects of the established disuse models (2, 3, 5). However, the present results for IMT, FMD, and BF at rest deviate from the above studies, revealing a potential impact of gravitational accelerations on vascular adaptation.
Changes of SFA Resting Diameter
Our main hypothesis was based on the view that 1) mechanical stimuli (or the absence of mechanical stimuli) affect the resting diameter in conduit arteries and that 2) habitual gravityrelated accelerations would provide an effective stimulus to attenuate arterial resting diameter adaptations when muscle work-driven pulsatile shear rate is reduced.
Contrary to these assumptions, the results of this study suggest that the reduction of muscle work and the accompanied reduction of blood flow-related shear lead to a distinct decrease of arterial resting diameter, which is comparable to the diameter reduction in similar time frames under bedrest (8-wk HEPHAISTOS study, Ϫ12.7%, SD ϭ 6.6% vs. bed rest, 17%, SD ϭ 6.7%) (3) and limb suspension (4-wk HEPHAISTOS study, Ϫ10.9%, SD ϭ 5.3 vs. ULLS, Ϫ12%, SD ϭ 4%) (2) conditions, despite the fact that habitual gravitational accelerations remained unchanged in the present study. This finding is in line with the existing literature that supports the idea that blood flow-related endothelial shear acts as the main driver for conduit artery remodeling (1, 13, 29) . However, the influence of gravitational accelerations for the resting diameter adjustment of conduit arteries cannot be entirely excluded. Recent findings in bedrest studies suggest that a combination of artificial high-frequency accelerations using a vibration plate and resistive exercise can attenuate the immobilization-induced resting diameter decrease, whereas resistive exercise alone was not sufficient to counteract this decrease (3, 31) . On the other hand, the superposition of vibrations did not have a specific effect in healthy ambulatory subjects when combined with resistive exercise (33) .
A possible way of reconciling the results of the above studies with the results of this study would be to conclude that gravitational accelerations have an impact on resting diameter adaptations of arteries if the following two conditions are fulfilled: 1) gravitational accelerations have to be applied in combination with muscle contractions (3, 31) and 2) the effect of gravita-tional accelerations must not be saturated through habitual activities (33) .
Changes of SFA IMT
The thickness of the intima and media of an artery is thought to provide an index of sub-intimal thickening and is commonly used as a surrogate marker for preclinical atherosclerosis (7) . A thicker intima media layer is strongly associated with an increased risk for cardiac and peripheral vascular events, whereas a smaller IMT is associated with cardiovascular health (23) .
However, the underlying mechanisms for arterial IMT adaptations are not entirely understood. Thijssen et al. (23) recently reviewed the considered exercise-specific stimuli for IMT adaptation. As for diameter remodeling too, mechanical hemodynamic stimuli such as shear rate and arterial pressure seem to play crucial roles for changes of IMT. An increase of blood flow-related shear rate is thereby associated with a reduction of IMT (24), whereas chronic increases in blood pressure are associated with arterial wall thickening (22) . Apart from these, also systemic, nonhemodynamic stimuli, like vascular tone, sympathetic nervous system activity, oxidative stress, and inflammatory processes, seem to have an impact on arterial wall thickness (23) .
As mentioned, the application of the HEPHAISTOS unloading orthosis is characterized by a significant local reduction of muscle force generation, hence by a local reduction of blood flow-related shear rate, while hydrostatic arterial pressure and gravitational loading remain unaltered. Consequently, the latter two characteristics deviate from two other investigated disuse models, spinal cord injury (SCI) and bed rest, which reported a systemic increase of IMT (16, 30) .
The fact that IMT was reduced in the SFA but not in the CA largely excludes the possibility of a systemic effect during the intervention. Conversely, the time course of IMT changes during our and other disuse studies suggest that the observed changes of IMT might be more attributable to changes in vascular tone than to actual atherosclerotic structural remodeling (27) .
In light of this consideration, one could conclude that the present findings deviate from findings observed in bedrest and SCI. This could be for two reasons. 1) The time course of SFA IMT changes represents changes of local vascular tone. Accordingly, gravitational accelerations, which are absent in bed rest and SCI, do provide a valid stimulus to reduce vascular tone.
2) Habitual whole body activities maintain sympathetic nerve activity; hence, SFA and CA IMT did not (disuse specifically) systemically increase during the local HEPHAISTOS intervention.
Arterial Wall-to-Lumen Ratio
The finding of an unchanged arterial wall-to-lumen ratio of the SFA in this study is in stark contrast with bedrest, where wall-to-lumen ratio has been found to increase as a consequence of diameter decreases and IMT increases (30) . It could well be that the provision of habitual whole body activity and the provision of habitual gravitational accelerations lead to adjustments of vascular tone, which in turn lead to an equilibrium between arterial wall and arterial lumen (see discussion above).
FMD
Typically, muscular disuse is associated with an increase of FMD, which is being used as a measure for endothelial function (2, 3, 5, 30) . Both the larger shear stress stimulus occurring in smaller arteries and an increased sensitivity of smooth muscles to NO are being considered as reasons for an increased FMD after physical inactivity (25) . Nonetheless, we found in our study that SFA FMD remained unaffected, whereas SFA diameter showed a distinct inward remodeling during the unloading phase.
Thijssen et al. (28) recently discovered an interesting interaction between arterial structure and arterial function. They found that arterial wall-to-lumen ratio and FMD response Fig. 3 . Resting SFA blood flow parameters. SFA resting blood flow volume (C) was calculated using SFA resting diameter (A) and SFA resting mean velocity (B). The unchanged SFA resting flow volume at HEP56 (P ϭ 0.9) results from the elevation of mean flow velocity (ϩ17%, SD ϭ 21.5%; # P ϭ 0.035), whereas SFA resting diameter decreased significantly (Ϫ12.7%, SD ϭ 6.6%; **P Ͻ 0.001). Fig. 4 . Resting heart rate and blood pressure. Resting heart rate was measured in supine posture before the first cuff inflation. There were no significant changes for all parameters: heart rate (P ϭ 0.06), systolic (P ϭ 0.27), and diastolic blood pressure (P ϭ 0.2). significantly correlated in the investigated arteries of different size across the body. The idea is that a thicker media layer, which consists of smooth muscle cells, would provide an increased dilation potential. Accordingly, one possible explanation for the unchanged FMD of the SFA in the present study could be that SFA wall-to-lumen ratio remained constant during the study. Consequently, a possible conclusion would be that the ratio of arterial wall and lumen is more important for FMD adjustment than the magnitude of shear rate.
SFA Blood Flow
Notwithstanding the distinct inward remodeling during the present study, SFA resting blood flow volume could be maintained after the HEPHAISTOS intervention. The retention of SFA flow volume is achieved by the elevation of mean flow velocity. The present findings are in agreement with previous studies of deconditioning, where arterial resting blood flow was found to be unchanged after a period of unilateral limb suspension (2), after SCI (6), and after bed rest (3).
In conclusion, the above findings as well as the findings of exercise studies (8, 20, 33) support the contention of Laughlin et al. (14) that the most important muscle work-related signal for endothelial cells is constituted by the increased shear stress due to the increase of regional blood flow to provide working muscles with oxygen. Accordingly, the elevated resting shear rate due to diameter decreases and concomitant flow velocity increases, as observed after muscle unloading, does not account for the adjustment of resting conduit artery diameter.
Resting Heart Rate and Blood Pressure
Changes of resting heart rate strongly correlate with the magnitude of physical activation. As seen in hypokinesia and exercise training, resting heart rate has been reported to progressively increase due to physical inactivity (11, 17) and to decrease in response to increases of physical activity (21) . Physical activity is also thought to decrease arterial blood pressure (32) , whereas previous hypokinetic studies reveal diverse blood pressure adaptations (15, 18) . However, the finding that resting heart rate as well as systolic and diastolic blood pressure did not change for any time point of the present study suggests that subjects maintained their habitual physical activity during the HEPHAISTOS intervention and during recovery.
In conclusion, 8 wk of muscular lower leg unloading with unchanged habitual acceleration profile led to significant sitespecific adaptations in SFA diameter. However, we did not observe a disuse specific increase of wall-to-lumen ratio. Furthermore, the FMD response of the investigated arteries seemed to remain unaffected during the intervention. These findings are at variance with findings in bedrest, ULLS, and SCI, where FMD and diameter were always inversely affected (see Fig. 5 ). Based on these data, we propose that FMD is unaffected by ambulating with the HEPHAISTOS orthosis, which is suggestive of habitual acceleration profiles in the lower leg constituting an important stimulus for the maintenance of FMD.
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